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We present spectral hole-burning measure-
ments of the 4I9/2 →
4F3/2 transition in
Nd3+:YLiF4. The isotope shifts of Nd
3+ can be
directly resolved in the optical absorption spec-
trum. We report atomic frequency comb storage
with an echo efficiency of up to 35% and a mem-
ory bandwidth of 60 MHz in this material. The
interesting properties show the potential of this
material for use in both quantum and classical
information processing.
Due to their long optical and spin coherence times,
rare-earth (RE) ion doped solids have shown excellent
properties as candidate solid state quantum memories
[1–3]. Several protocols have been proposed for storing
single photons in RE doped solids, for example, elec-
tromagnetically induced transparency [4, 5], controlled
reversible inhomogeneous broadening [6–11] and atomic
frequency comb (AFC) [12, 13]. Among these protocols,
AFC has shown better performance in large bandwidth
[14] and multi-mode capacities [15–17], which are espe-
cially important for quantum repeater applications. The
AFC protocol requires a pumping procedure to obtain
an absorption profile with a series of periodic and nar-
row absorbing peaks separated by ∆ in the frequency do-
main. The input photons are then collectively absorbed
and diffracted by the atomic frequency grating. Due to
the periodic structure of AFCs, an atomic rephasing oc-
curs after a time τs = 1/∆. The photon is re-emitted
as a result of a collective interference between all of the
atoms that are in phase [12]. The collective optical exci-
tation can be transferred into a long-lived ground state to
achieve a longer storage time and an on-demand readout
[18–20].
Currently, AFC storage has been successfully
implemented in several RE doped solids, includ-
ing Nd3+:YVO4 [13, 22], Nd
3+:Y2SiO5 [16, 23,
24], Tm3+:YAG [17, 25–28], Pr3+:Y2SiO5 [18, 29–
32], Eu3+:Y2SiO5 [19, 21], Er
3+:Y2SiO5 [33] and
Tm3+:LiNbO3 [14, 34]. Nd
3+ ions are of particular inter-
ests because they can provide large memory bandwidth
and their working wavelengths are around 870 nm, a
wavelength region where diode lasers and efficient single
photon detectors are available. Here we demonstrate ef-
ficient optical pumping in a Nd3+:YLiF4 crystal. A spin
polarization of better than 99.5% is achieved. We iden-
tify the experimental conditions neccessary to achieve
efficient AFC storage in this material, performance of
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FIG. 1: The absorption of V-polarized light by the sample
at a temperature of 1.5 K and with a magnetic field of 0 T
(a) and 6.6 T (b). The optical frequency is set as frequency
shift to the absorption peak (345829.65 GHz) of the 142Nd3+
without a magnetic field. The even mass number isotopes can
be clearly resolved, with an isotope shift of approximately 110
MHz/unit mass.
which is comparable with that of other RE doped solids.
The experimental sample is a Nd3+:YLiF4 crystal
(doping level: 100 ppm). The length of the crystal is
2 mm along the a-axis. The 4I9/2 →
4F3/2 transition
(∼867 nm) in Nd3+:YLiF4 shows strong absorption for
V-polarized light and no detectable absorption for H-
polarized light. Here H (V) denotes horizontal (verti-
cal), which is defined to be parallel (perpendicular) to
the crystal’s c-axis. The experimental setup is similar
to those used in our previous work [22, 35]. To carry
out spectral hole-burning measurements, two beams of
light are independently controlled by two acousto-optic
modulators (AOM) in double-pass configurations. The
pump light and probe light are then combined and col-
lected with a single mode fiber before being sent into the
sample. The transmitted probe signal is detected with a
150 MHz detector. The linearity of the detector in the
detecting power range is experimentally verified using an
optical power meter.
We first measure the absorption spectrum of our sam-
ple. The sample is placed in a cryostat at a temperature
2of 1.5 K and with a superconducting magnetic field of up
to 7 T. The absorption of V-polarized light by the sample
for the case of zero magnetic field is shown in Fig.1 (a).
The frequency of the Ti:sapphire laser is scanned over
7 GHz and monitored with a wavelength meter. The
strongest absorption peak is resulted from the isotope
142Nd. Compared with previous measurements on the
low doped Y7LiF4 crystal [36], we can identify the four
peaks at the right of the strongest peak as other even
isotopes. The relative intensities of the lines correspond
approximately with the percentage natural abundance:
27.1% 142Nd, 23.9% 144Nd, 17.8% 146Nd, 5.7% 148Nd
and 5.6% 150Nd. The correspondence is not exact be-
cause some of the odd isotope (natural abundance: 12.2%
143Nd, 8.3% 145Nd) hyperfine lines overlap with the even
isotope lines [36]. Due to high doping level of Nd and
the naturally occurring Li used, the isotope lines are less
clearly resolved compared to that obtained in [36].
The absorption spectrum with a magnetic field of 6.6
T along the crystal’s c-axis is shown in Fig.1 (b). To
avoid spectral-hole burning, we send short laser pulses
to probe the absorption. The inhomogeneous broaden-
ing becomes narrower for a higher field and so the five
different even isotopes can be better resolved in this case
than they can with zero field. We have measured the
transition frequency under different magnetic fields. The
transition frequency of the even istopes shows a magnetic
field dependence of 16.45 ± 0.09 GHz/T.
The background of the technique of spectral hole-
burning spectroscopy can be found in Ref. [37, 38]. To
burn a spectral hole, the pump light is set at the central
frequency and the pump sequence takes a time of 10 ms.
After a waiting time of Td, the probe light is sent into the
sample and probes the transmission profiles. The probe
light is swept over 60 MHz by the AOM. The measured
spectral hole-burning spectra are shown in Fig. 2 (a) for
setups with a magnetic field of 0.6 T, 1.5 T and 6.6 T.
The nonuniform frequency response of the probe AOM
has been corrected. With a magnetic field applied, the
absorption band begins to split into two groups of lines
and thus the absorption is weaker for a small magnetic
field than for zero field. The inhomogeneous broadening
continues to narrow with growing magnetic field, so the
peak absorption with high magnetic field is comparable
with that of zero field. The minimum absorption depth
of the spectral hole is 0.05 with a magnetic field of 6.6 T.
Considering that the total population is initially equally
distributed in the two spin states, only ∼0.5% of the total
population is left in the initial state. This corresponds to
a spin polarization of 99.5%, which is significantly better
than that obtained in Nd3+:YVO4 [38]. One can ob-
serve several side holes in the hole-burning spectra for a
magnetic fields of 0.6 T and 1.5 T. To achieve efficient
AFC storage, there should be no side holes or anti-holes
within the memory bandwidth. A high field is necessary
to move these side holes out of the storage band. With
a magnetic field of 6.6 T, no side holes or anti-holes can
be observed within the 60 MHz absorption band.
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FIG. 2: (a). The transmission profiles with the pump light set
to burn a spectral hole at the central frequency. The black
dashed, blue solid and red dotted lines show measurements
with Td=0.2 ms and a magnetic field of 0.6 T, 1.5 T and 6.6
T, respectively. (b). The decay of transmission of the spectral
hole as a function of pump and probe delay Td. The spectral
hole shows two rates of decay.
To characterize the lifetime of the population trapping,
we measure the dynamics of the central spectral hole.
The hole transmission is probed with readout pulses with
delays Td of up to 80 ms. The measured transmissions
are shown with black squares in Fig. 2 (b). From Fig.
2 (b), there appear to be two rates of decay in this ma-
terial, measured by fitting e−2Td/τ . There is an initial
decay with a decay constant of 4.9 ms, followed by a
secondary decay with a decay constant of 34.7 ms. The
reason for the two decay rates is unknown. One possi-
ble explanation could be different isotopes decaying at
different rates.
Because very ’clean’ spectral hole-burning spectrum is
obtained with a magnetic field of 6.6 T, a high contrast
AFC should be easily achieved at the same conditions.
The pump AOM is then programmed to produce a peri-
odical structure in the frequency domain (see methods).
Fig. 3(a) shows an example of coherent pulses with dura-
tions of approximately 60 ns that are collectively mapped
onto the sample. A strong echo is emitted after a prepro-
grammed storage time of 143 ns. The measured storage
and retrieval efficiency is approximately 35%. The stor-
age efficiency is better than that obtained in Nd3+ doped
YVO4 [13, 22] and Y2SiO5 [16, 23, 24] crystals.
The storage efficiencies measured at different storage
times are shown in Fig.3 (b), with black squares and red
dots representing measurements with Td of 0.2 ms and
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FIG. 3: (a). With an AFC prepared with a periodicity of
7 MHz, the optical pulses are collectively re-emitted after a
143 ns storage time in the sample. (b). The AFC storage
efficiency as a function of storage time. The black squares
and red dots show measurements with Td of 0.2 ms and 1.0
ms, respectively.
1.0 ms, respectively. Because of the fast initial decay of
population trapping, the storage efficiency is significantly
higher for Td of 0.2 ms. For shorter storage time, the ef-
ficiency shows a small drop because the long input pulses
have limited bandwidth. The input pulses can cover less
AFC teeth for shorter storage time.
We note that, unlike the experiments performed in
Nd3+:YVO4 crystals, the pump power consumptions for
AFC preparations are much higher for Nd3+:YLiF4 crys-
tals. The maximum pump power we can produce is
approximately 80 mW, which is limited by the damage
threshold of the AOM and the single mode fiber coupling
loss. For limited pump power, the maximum storage ef-
ficiency is achieved by shifting the laser frequency away
from the absorption peaks. As shown by the red solid line
in Fig. 4, the initial absorption depth without pump light
is approximately 2.6. After the pumping procedures, an
AFC with periodicity of 7 MHz is engineered in the sam-
ple. As shown by the black dotted line in Fig. 4, the
background absorption d0 is approximately 0.05 and the
peak absorption d is approximately 5.5. The storage effi-
ciency can be estimated by η ≈ e−d/F (d/F )2e−7/F
2
e−d0,
where F ≡ ∆/γ is the fineness of the comb and γ is the
linewidth of the teeth [12]. The experimentally measured
efficiency is slightly higher than expectated (∼30%).
An interesting phenomenon is that the frequency com-
ponents without pump light show a much stronger ab-
sorption than the initial absorption. A similar phe-
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FIG. 4: Tailored absorption band. The red solid line shows
the initial absorption without any pump procedures. The
black dotted line shows an AFC prepared with a periodicity
of 7 MHz. The background absorption d0 is approximately
0.05, while the absorption peaks show a strong absorption
d ∼ 5.5, which is larger than the initial absorption.
nomenon has been previously observed in other RE-
doped solids [39]. However, in [39], the absorption rose
only a small amount after spectral tailoring. The pop-
ulation redistribution behavior could possibly be caused
by anti-holes of some hyperfine structures that are not
clearly resolved in Fig. 2 (a). The contrast ratio between
absorption peaks and background absorption d/d0 is ap-
proximately 100:1. The absorption is optically controlled
by the pump light, so we suggest that this material may
be used as an optically controlled optical shutter. The
efficient AFC structure can be engineered on a weakly
absorbing sample, thus, shorter crystal length can be tol-
erated. This is important for future applications aimed
at making integrated devices.
The present work demonstrated a two-level AFC stor-
age, which is only a programmable delay line. A complete
AFC storage requires a third ground level to achieve long
storage time and on-demand readout. The 143Nd3+ has
a nuclear spin of 7/2 and exhibits hyperfine splittings un-
der zero magnetic field, which should be able to provide
the required energy levels and optical transitions. The
isotope-dependent inhomogeneous absorption opens the
possibility to frequency selectively address the 143Nd3+
in a sample with Nd3+ ions of natural abundance. Fur-
ther experiments with high doping crystals would be re-
quired to reach this goal. To avoid the influence of other
isotopes, isotopically enriched 143Nd3+:YLiF4 would be a
better choice for complete AFC storage. Until now, com-
plete AFC storage has only been demonstrated in Pr3+
and Eu3+ doped solids [18–20], whose working wave-
lengths are around 600 nm, a range that is not cov-
ered by flexible semiconductor lasers. Their memory
bandwidth are fundamentally limited by the small hy-
perfine splittings of Pr3+ and Eu3+, which are several
4MHz to tens of MHz. According to the spectroscopy of
Nd3+ isotopes obtained in [36], the hyperfine splitting of
143Nd3+ are hundreds of MHz, which provide potentially
large bandwidth of quantum memory. Further study on
143Nd3+:YLiF4 will be required to identify these tran-
sitions for implementation of the spin-wave storage in
this material. The complete AFC storage implemented
in Nd3+ doped solids is more appealing because of the
suitable working wavelength and potentially large band-
width.
We have presented spectral hole-burning measure-
ments in Nd3+:YLiF4. With a temperature of 1.5 K and
a magnetic field of 6.6 T, AFC storage is achieved in this
material with a storage efficiency of up to 35% and with
memory bandwidth of 60 MHz. A population redistri-
bution behavior in the frequency domain is observed in
the hole-burning spectrum. These properties make this
material an interesting candidate for various information
processing protocols in both quantum and classical net-
works.
Methods
AFC preparation. Tailoring the absorption pro-
file requires simultaneously sweeping the pump light fre-
quency and modulating its intensity. In our experiment,
the pump light’s frequency is swept over 60 MHz in 240
µs, and each frequency step has been assigned a specific
amplitude to produce the desired structure. This pro-
cedure ensures a spectral tailoring resolution of approxi-
mately 0.5 MHz. The pump sequences are continuously
repeated over 10 ms to achieve an optimal absorption
structure. The pump light power and the duty ratio in
each cycle are carefully adjusted to take into account the
power broadening effect. The AOMs are controlled by
programmable RF drivers using a Universal Serial Bus
interface. Control of the pump light can be fully realized
through computer interfaces. The pump and probe tim-
ing are controlled by arbitrary function generators (Tek-
tronix, AFG3252).
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